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INTRODUCTION
Cercopithecoids, or Old World monkeys, represent the
most successful lineage among nonhuman primates in
terms of both demographic and geographic expansion
(Frost et al. 2011; Elton 2006). The papionin clade includes
the medium-to-large bodied species of this highly diverse
family, such as the extant baboons (Papio), geladas
(Theropithecus), macaques (Macaca), mandrills and drills
(Mandrillus), and mangabeys (Cercocebus, Lophocebus). The
recently discovered ‘Kipunji monkey’ (genus Rungwe-
cebus, Davenport et al. 2006) may also represent an addi-
tional papionin taxon phylogenetically related either to
Papio or to Lophocebus, based respectively on DNA and
morphological analyses (Davenport et al. 2006; Zinner
et al. 2009; Singleton et al. 2010; Gilbert et al. 2011). The
African primate fossil record reveals a critical adaptive
radiation in the papionin lineage during the Plio-Pleisto-
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Cercopithecoids represent an essential component of the Plio-Pleistocene faunal assemblage. However, despite the abundance of the
cercopithecoid fossil remains in African Plio-Pleistocene deposits, the chronological and geographic contexts from which the modern
baboons (i.e. Papio hamadryas ssp.) emerged are still debated. The recently discovered Papio (hamadryas) angusticeps specimen (U.W.
88-886) from the Australopithecus sediba-bearing site of Malapa, Gauteng, South Africa, may represent the first modern baboon occur-
rence in the fossil record. Given the implication of U.W. 88-886 for the understanding of the papionin evolutionary history and the
potential of internal craniodental structures for exploring evolutionary trends in fossil monkey taxa, we use X-ray microtomography to
investigate the inner craniodental anatomy of this critical specimen. Our goal is to provide additional evidence to examine the origins of
modern baboons. In particular, we explore (i) the tissue proportions and the dentine topographic distribution in dental roots and (ii) the
endocranial organization. Consistent with the previous description and metrical analyses of its external cranial morphology, U.W.
88-886 shares internal craniodental anatomy similarities with Plio-Pleistocene and modern Papio, supporting its attribution to Papio
(hamadryas) angusticeps. Interestingly, average dentine thickness and distribution in U.W. 88-886 fit more closely to the extinct Papio
condition, while the sulcal pattern and relative dentine thickness are more like the extant Papio states. Besides providing additional
evidence for characterizing South African fossil papionins, our study sheds new light on the polarity of inner craniodental features in
the papionin lineage.
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cene (Delson 1975; Fleagle 2013). In particular, the South
African fossil monkey assemblages document the
presence of up to 10 fossil papionin species, including
extinct (i.e. Dinopithecus, Gorgopithecus, Parapapio) and
extant (i.e. Papio, Theropithecus) genera (Freedman 1957;
Szalay & Delson 1979; Delson 1984, 1988; Jablonski 2002;
Gilbert 2007; Williams et al. 2007; Jablonski & Frost 2010;
Gilbert 2013).
However, despite the relative abundance of the African
papionin fossil remains, debates on papionin alpha taxon-
omy questioning the validity of historical (e.g. Parapapio)
and newly erected (e.g. Procercocebus antiquus, Soroman-
drillus quadratirostris) species prevent further clarification
of their evolutionary history (Heaton 2006; Gilbert 2007;
Jablonski & Frost 2010; Gilbert 2013). While recent refine-
ments of papionin phylogeny have combined both molec-
ular and morphological evidence (e.g. Gilbert 2007;
Gilbert & Rossie 2007; Gilbert et al. 2009), the phylogenetic
relationships between the papionin clades, in particular
Lophocebus, Papio, Rungwecebus and Theropithecus, are still
debated or simply unknown (Gilbert et al. 2011; Gilbert
2013; Gilbert et al. 2018). These uncertainties complicate
evolutionary reconstructions such as that of the Papio
lineage and its modern representatives (i.e. Papio hama-
dryas ssp.), for which chronological and geographic
origins are largely questioned.
Molecular analyses performed on living populations
estimated the origin and radiation of modern Papio
hamadryas to be between 1.8 and 2.2 Ma in South Africa
(Newman et al. 2004; Zinner et al. 2013). To date, fossil
remains of early modern baboons have been described in
East African (Alemseged 2000; Frost 2007; Frost &
Alemseged 2007) and South African Middle Pleistocene
deposits (Freedman 1957; Jablonski 2002; Williams et al.
2012). More specifically, because of substantial synapo-
morphies shared with extant Papio hamadryas subspecies,
the Papio angusticeps specimens found in Cooper’s Cave,
Gladysvale and Kromdraai, have been suggested to repre-
sent a subspecies of modern baboon (Delson 1988; Gilbert
2013; Gilbert et al. 2018). Unfortunately, notwithstanding
previous valuable applications of relative dating (e.g.
Steininger et al. 2008; Herries et al. 2009; Pickford 2013), the
geological ages of these three sites remain uncertain (see
Bruxelles et al. 2016 for discussion and perspectives at
Kromdraai).
In this context, the papionin specimen U.W. 88-886
found in the early Pleistocene deposits of the Australo-
pithecus sediba-bearing site of Malapa and attributed to a
male Papio angusticeps specimen by Gilbert et al. (2015)
has the potential to shed new light on the emergence of
modern baboons (Berger et al. 2010). Indeed, the applica-
tion of absolute and relative dating methods provided an
age of ~2.026–2.36 Ma. Therefore, U.W. 88-886 may repre-
sent the earliest fossil evidence of Papio angusticeps and
consequently, of the modern baboon, in a calibrated chro-
nological context (Gilbert et al. 2015).
Given the implication of U.W. 88-886 for understanding
Papio evolutionary history and the potential of inner
craniodental structures for exploring the evolutionary
trends among fossil monkey taxa (e.g. Beaudet et al. 2015,
2016a–c), we have chosen to use micro-focus X-ray tomog-
raphy to investigate the inner craniodental anatomy of
this critical specimen.
Inner craniodental structures have demonstrated rele-
vance for discussing primate taxonomy and phylogeny.
More specifically, dental root tissue proportions (Kupczik
& Hublin 2010; Le Cabec et al. 2012, 2013) and distribution
of the radicular dentine (Bondioli et al. 2010; Bayle et al.
2011; Macchiarelli et al. 2013; Zanolli et al. 2014) are particu-
larly informative for distinguishing closely related taxa.
Moreover, previous descriptions of cerebral imprints on
fossil primate endocasts have revealed the potential of
sulci for clarifying the taxonomic or phylogenetic contexts
of fossil taxa (e.g. Connolly 1953; Radinsky 1974; Falk 1981;
Gonzales et al. 2015; Beaudet et al. 2016c). Such consider-
ations show the potential of inner dental root features and
sulcal pattern for distinguishing between taxa of very low
taxonomic ranks, as it is the case for baboons. Additionally,
studies of meningeal artery imprints in primate fossil
endocasts and extant brains suggest a shift in the source of
the cerebral blood supply during the course of primate
evolution relating potentially to a phylogenetic effect
(Falk 1993; Bruner & Sherkhat 2008; de Lázaro et al. 2018).
On the other hand, inner craniodental structures appear
to hold information linked to the biology of the organ-
isms. Root morphology may be related to biomechanics
and diet (Spencer 2003; Kupczik et al. 2009) whereas sulcal
pattern may have functional implications (Falk 1978,
1981).
Due to the peculiar status of U.W. 88-886 as the first
possible occurrence of modern baboons, we aim at fur-
thering our view of the paleobiology and potential adap-
tations in Papio and papionins in general. Another
objective of this study is to discuss the polarity of inner
craniodental features in these lineages.
Because of its potential for providing taxonomic and
especially phylogenetic and biological-related informa-
tion, we investigate the inner craniodental anatomy of
U.W.88-886 and provide additional evidence to discuss
both the origins and diversity of modern baboons, as well
as papionin evolutionary history. Here we explore: (i) the
tissue proportions and topographic distribution of
dentine in the distobuccal root of the right upper third
molar (UM3) and (ii) the sulcal and vascular imprints from
the endocranial surface. We hypothesize that the internal
craniodental morphology in U.W. 88-886 will be interme-
diate between the Plio-Pleistocene Papio species, such as
Papio izodi and Papio robinsoni, and modern Papio hamadryas
taxa. Evolution of the brain and posterior teeth have been
shown to be decoupled in several Plio-Pleistocene
hominins (Gómez-Robles et al. 2017). Previous studies
have shown that all species within Papio had similar molar
size except Papio izodi which exhibited larger molars rela-
tive to overall cranial size (e.g. Freedman 1957; Gilbert et al.
2015, 2018). Thus, although subsequent Papio taxa have
not undergone evolutionary changes in terms of relative
molar size, an apparent molar reduction occurred when
Papio began to diverge. On the contrary, studies dealing
with endocranial volume suggested that there were no
significant temporal changes in cercopithecoid brain size
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(e.g. Elton 2001; Beaudet et al. 2016c). Therefore, the Papio
genus may have never experienced brain size changes
throughout its evolution. Based on these findings we may
expect to identify differences in terms of key evolutionary
signals in the endocast and roots.
MATERIALS AND METHODS
Comparative sample
Our fossil comparative sample consists of 7 extinct
papionin taxa selected from different stratigraphic units
of the Plio-Pleistocene sites of Kromdraai, Makapans-
gat, Sterkfontein, Swartkrans and Taung (South Africa;
Table 1). Mindful of ongoing debates on papionin alpha
taxonomy (e.g. Delson 1988; Heaton 2006; Gilbert 2007;
Williams et al. 2007; Jablonski & Frost 2010; Gilbert 2013;
Gilbert et al. 2013), here we follow the most consensual
nomenclature (notably used in Beaudet et al. 2016b,c).
Our comparative sample includes 22 specimens repre-
senting six extant genera (Table 1). All specimens consid-
ered in this study are fully mature and we systematically
checked the degree of apical closure in the specimens
used for assessing dental features. Because we focus on
adult roots and endocasts, we preferentially chose speci-
mens with apically closed UM3 and good preservation of
the endocranium.
Scanning protocol
In January 2018, the U.W. 88-886 specimen was detailed
by X-ray microtomography (µCT) at the Palaeosciences
Centre of the Evolutionary Studies Institute (University of
the Witwatersrand, Johannesburg, South Africa). The
acquisitions were performed by using a Nikon Metrology
XTH 225/320 LC dual source µCT scanner with the follow-
ing parameters: 155 µA current, 90 kV voltage and 1 s
exposition time per projection. The final reconstructed
volume has a voxel size of 44.43 × 44.43 × 44.43 µm. All
specimens investigated in this study have been similarly
imaged by µCT through various systems with a spatial
resolution ranging from 33 to 129.63 ìm (Table 1).
The sample size of the dental tissue proportions investi-
gated, plus endocasts explored, are listed in Table 1.
Upper third molar virtual reconstruction and dental
tissue proportions and distribution
As previously reported by Gilbert et al. (2015, see Fig. 2)
and based upon external visual inspection of U.W. 88-886,
the specimen only preserves the roots of the upper second
(UM2) and third molars (UM3). In fact, our microtomo-
graphic-based investigation of the specimen reveals that
the UM3 roots are well-preserved (Fig. 1A,B). We virtually
reconstructed the UM3 roots by using a semi-automatic
threshold-based segmentation and mesh reconstruction
via Avizo Lite v9.0.1 (Visualization Sciences Group Inc.).
We focused our measurements on the complete disto-
buccal root (Fig. 1E,F). Accordingly, we virtually separated
the distobuccal root by using a 3D plane passing through
three landmarks positioned on the three radicular apices
(Fig. 1C). This plane has been translated towards the
furcation of the three roots until the distobuccal and lin-
gual roots are fused and used as a cutting plane to separate
the distobuccal root from the rest of the tooth (Fig. 1D).
In all specimens, the following variables describing
tissue proportions and structural organization were
assessed (Avizo v9.0.1): surface of the dentine–enamel
junction (SDPJ, mm2), volume of the dentine (Vd, mm
3),
volume of the pulp (Vp, mm
3) and total volume (Vt, mm
3).
Based on these values we calculated three indices: the
percent of volume that is pulp (Vp/Vt, %), the 3D average
dentine thickness (3D ADT = Vd/SDPJ, mm) and the
scale-free 3D relative dentine thickness (3D RDT =
100*3D ADT/[Vp
1/3]) (Kono 2004; Olejniczak et al. 2008a,b,
Beaudet et al. 2015, 2016a,b, Zanolli et al. 2018).
The topographic distribution of the dentine was virtu-
ally rendered by computing the distances between the
dentine and pulp surfaces (‘Surface Distance’ module on
Avizo v9.0.1). The distances recorded were visualized at the
outer dentine surface using a colour scale ranging from
dark blue (‘thinner’) to red (‘thicker’) (Bayle et al. 2011).
Endocast reconstruction and automatic detection of the
sulcal and vascular patterns
The endocast of U.W. 88-886 has been virtually recon-
structed by removing the sediment from the inner surface
of the cranium using semi-automatic threshold-based
segmentation (Avizo Lite v9.0.1) and subsequently apply-
ing automatic segmentation through the Endex software
on the remaining cranial bones (Subsol et al. 2010;
http://liris.cnrs.fr/gillesgesquiere/wiki/doku.php?id¼end
ex).
We used an automatic method to identify the crests and
ravines on the endocast surfaces which correspond
respectively to the meningeal arteries and sulci (see
Beaudet et al. 2016c for further details). The detected struc-
tures were corrected manually by removing non-ana-
tomical features (e.g. cracks due to taphonomic damage)
using published studies of cercopithecoid endocasts as
references (Connolly 1950; Castelli & Huelke 1965; Falk
1978, 1981; Falk & Nicholls 1992; Beaudet et al. 2016c). This
‘cleaning’ step was performed using a program created
with MATLAB R2013a v8.1 (Mathworks) (Beaudet et al.
2016c).
RESULTS
Tissue proportions and distribution in the
distobuccal root
Values of tissue proportions of the UM3 distobuccal root
in U.W. 88-886 and in the comparative papionin sample
are shown in Table 2. The absolute volumes of dentine and
pulp, the total root volume and the surface area of the
dentine–pulp junction in U.W. 88-886 are higher than in
extant Cercocebus, Lophocebus, Macaca and Theropithecus
specimens and globally lower than in extant Papio and
Mandrillus as well as in extinct Papio, Parapapio and
Theropithecus specimens (Table 2). By considering all the
absolute variables reported in Table 2, to the exception of
the pulp volume (i.e. Vd, Vt, SPDJ), U.W. 88-886 is closer to
extant Theropithecus than to any other taxa (Table 2). In
terms of proportions, the dentine represents 95.57% of the
194 ISSN 2410-4418 Palaeont. afr. (2019) 53: 192–206







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































total volume of the root in U.W. 88-886, which closely fits
the range of values found in the extant Lophocebus
(93.05–98.05%, Table 2, Fig. 2A,B) and Mandrillus
(94.47–97.23%, Table 2, Fig. 2A,B) specimens.
Considering the dentine thickness, the ADT (2.76 mm)
and RDT (187.88) in U.W. 88-886 approximate the values
reported for extinct (2.86 mm) and extant Papio (187.69)
respectively, and for extant Theropithecus (Table 2,
Fig. 2C,D).
Cartographies of dentine thickness topographical varia-
tion are rendered on the outer distobuccal surface of U.W.
88-886 and comparative papionin specimens in Figs 3 and
4. We used an individual scale ranging from the minimum
to the maximal value for each specimen. In U.W. 88-886,
the dentine is moderately thick along the distobuccal root
with the thickest areas located at the most superior
mesiobuccal aspect (Fig. 3). This pattern fits the condition
of the two fossil Papio specimens (i.e. KA 194 and SK 562)
and, to a lesser extent, of extant Cercocebus and Thero-
pithecus (Figs 3 and 4).
Structural organization of the endocast
The endocast of U.W. 88-886 consists mainly of the
portion of the temporal lobe posterior to the temporal
pole and inferior to the frontal lobe, the inferior portion of
the posterior frontal part and the most inferior part of the
parietal lobe. Detected structures are shown in Fig. 5. The
sulcal patterns detected and identified in the comparative
papionin specimens are shown in Figs 6 and 7.
In the inferior part of the temporal lobe, we detected the
imprints of two sulci (S1 and S2, Fig. 5) and two arteries
(V1 and V2, Fig. 5). S1 is deep and seems to be continuous
in the ventral border of the temporal lobe (Fig. 5B). S2 runs
superiorly to S1 (Fig. 5A). V1 is found between the two
sulci S1 and S2 while V2 is located in the inferior part of the
temporal lobe (Fig. 5).
Based on primate brain atlases and respective location
and connection of the sulci, S1 and S2 can be tentatively
identified as the occipito-temporal sulcus and a posterior
segment of the middle temporal sulcus (hereafter named
‘posterior middle temporal sulcus’), respectively (Fig. 6).
Concerning V1 and V2, based on the previous descrip-
tions of meningeal arteries in extant macaques (e.g.
Castelli & Huelke 1965; Falk & Nicholls 1992), we suggest
that they correspond to the anterior and posterior
branches of the middle meningeal artery (main branch)
(Fig. 6), respectively.
A faint depression was detected in the superior part of
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Figure 1. A, virtual rendering of U.W. 88-886 in lateral view and B, in semi-transparency showing the roots of the upper third molar. C, the cutting
plane separating the distobuccal root is parallel to the landmarks placed on the three radicular apices and D, is positioned where the distobuccal and
lingual roots are fused. E, virtual rendering of the distobuccal root and F, of the pulp (in yellow) and dentine (in purple). Scale bars equal: A, B, 3 cm;
C–F, 2 mm.


























































































































































































































































































































































































































































































































































































































































































































































































































































the temporal lobe of U.W. 88-886 (S3, Fig. 5A) that could be
identified as the Sylvian fissure (Fig. 6). This depression
runs along a thick artery (V3, Fig. 5A), which is part of the
anterior meningeal artery branching.
In the frontal lobe, we detected two sulci posterior (S4,
Fig. 5A) and anterior (S5, Fig. 5A) to a cluster of terminal
arteries (V4, Fig. 5A). The respective location of S4 and S5
is compatible with an attribution to the anterior sub-
central sulcus and the inferior branch of the arcuate
sulcus, respectively (Fig. 6). V3 and the cluster of arteries
labelled V4 in U.W. 88-866 probably correspond to the
anterior meningeal artery and its ramifications.
When compared to fossil and extant papionins, the
sulcal pattern in U.W. 88-886 approximates that of extant
Theropithecus and extant Papio specimens (Fig. 7). Indeed,
the endocasts in these two genera show the anterior
subcentral, occipito-temporal (lateral) and posterior
middle temporal sulci (Fig. 7), as in U.W. 88-886 (Fig. 6).
The meningeal artery pattern described in U.W. 88-886 is
compatible with the ‘pattern A’ described by Falk &
Nicholls (1992, see Fig. 2A) which might point out that the
most common pattern originally present in macaques has
been retained during papionin evolution.
DISCUSSION
In terms of tissue proportion and distribution and of
cerebral organization, U.W. 88-886 shares similarities with
extinct and extant Papio specimens. Accordingly, our study
suggests that, in terms of inner craniodental anatomy,
U.W. 88-886 possesses a combination of derived (i.e. extant
Papio-like) and primitive (i.e. extinct Papio-like) features.
These results support both the previous attribution of
U.W. 88-886 to Papio (hamadryas) angusticeps and a basal
phylogenetic position of this taxon among modern
baboons (Gilbert et al. 2015; Gilbert et al. 2018). In this
context, our results provide evidence for discussing the
tempo and mode of the evolution of craniodental features
in papionins. Based on the dating of the U.W. 88-886-
bearing layer in Malapa, our analyses may indicate that
the modern relative root dentine thickness and cerebral
organization emerged early within the Papio lineage (i.e.
~2.36 Ma), while other dental aspects, such as the average
root dentine thickness and dentine distribution, could
have developed after approximately 2 Ma. Accordingly,
our results may suggest a mosaic evolution of cranio-
dental traits in the papionin lineage. Recently, Papio
hamadryas anubis has been suggested to retain ancestral
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Figure 2. 3D distobuccal root tissue proportions of the upper third molar in U.W. 88-886 and in some Plio-Pleistocene and extant papionin speci-
mens/samples. A, barplot of the tissue proportions in the distobuccal root. B, boxplot of the percentage of pulp in the distobuccal root (Vp/Vt).
C, boxplot of the 3D average dentine thickness in the distobuccal root (3D AET). D, boxplot of the 3D relative dentine thickness in the distobuccal root
(3D RDT).
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Figure 3. Dentine thickness cartographies of the UM3 distobuccal root in U.W. 88-886 and in some Plio-Pleistocene papionin specimens. Topographic
thickness variation is rendered by a pseudo-colour scale ranging from thinner dark-blue to thicker red. Independently from their original side,
all roots are shown as right and imaged in distobuccal (db), distolingual (dl), mesiolingual (ml) and mesiobuccal (mb) views. Because of significant
variation in dentine thickness between species, a specific colour scale is attributed to each specimen (in mm). Scale bars equal: 2 mm.
Papio robinsoni-like external craniodental features (Gilbert
et al. 2018). Based upon inner dental variables considered
here, our results demonstrate that Papio hamadryas anubis
is more similar to U.W. 88-886 than to any other Plio-
Pleistocene Papio specimens/taxa. However, given that
our dental sample of Papio hamadryas anubis is limited to
two specimens, dental variation in this taxa might not be
representative here. Further studies are required to fully
assess the polarity of craniodental characters, especially
those related to inner craniodental structures.
Additionally, in a broader taxonomic context/perspec-
tive, our results point to similarities in terms of average
and relative dentine thickness between extinct and extant
Papio specimens, including U.W. 88-886, and extant
Theropithecus. Interestingly, tissue proportions in the UM3
crown, and more particularly the average and relative
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Figure 4. Dentine thickness cartographies of the UM3 distobuccal root of some selected extant papionin specimens. Topographic thickness variation
is rendered by a pseudo-colour scale ranging from thinner dark-blue to thicker red. Independently from their original side, all roots are shown as
right and imaged in distobuccal (db), distolingual (dl), mesiolingual (ml) and mesiobuccal (mb) views. Because of significant variation in dentine
thickness between species, a specific colour scale is attributed to each specimen (in mm). Scale bars equal: 2 mm.
enamel thickness, have been previously suggested to be
comparable between these taxa, as well (Beaudet et al.
2016b).
Because root tissue proportions and morphology have
been proven to hold phylogenetic information (Spencer
2003; Kupczik & Hublin 2010; Le Cabec et al. 2012, 2013),
similarities in the radicular dentine thickness reported in
this study could be explained by close phylogenetic rela-
tionships. However, previous studies have shown that
root morphology may be also related to the distribution of
occlusal forces experienced by teeth during feeding
(Kovacs 1979; Spencer 1998, 2003; Kupczik et al. 2009). In
particular, a correlation has been suggested between
variation in root morphology and consumption of
fallback foods (Kupczik & Dean 2008). Indeed, fallback
foods are generally more resistant than preferred foods
and thus are expected to be responsive to selective pres-
sures upon dental morphology (Marshall & Wrangham
2007; Kupczik & Dean 2008; Marshall et al. 2009). Living
baboons are known to be omnivores with a preference for
fruits and seeds (e.g. Dunbar & Dunbar 1974; Hamilton
et al. 1978), but, during the dry season, they rely heavily on
underground storage organs (USO, e.g. corms, tubers,
roots) as fallback foods (e.g. Hamilton et al. 1978; Byrne
et al. 1993; Altmann 2009). Among Plio-Pleistocene
papionins, Papio robinsoni from Swartkrans has been
proposed to have seasonally incorporated fallback foods
illustrating a dietary behaviour similar to living baboons
(Codron 2003; El-Zaatari et al. 2005). Geladas, on the other
hand, are characterized by a highly specialized diet
composed of grass blades (e.g. Dunbar & Dunbar 1974;
Dunbar 1976; Jarvey et al. 2017) but, as baboons do, also
consume USO as fallback foods during the dry season
(e.g. Fashing et al. 2014; Venkataraman et al. 2014; Jarvey
et al. 2017).
Thus, similarities in dentine thickness between geladas,
living baboons and Plio-Pleistocene baboons reported in
this study could be tentatively explained by convergent
adaptations to the consumption of USO. It is likely that
the environmental shift that led to more open habitats af-
ter 2 Ma in South Africa resulted in the development of
various dietary strategies among cercopithecoids (Elton
2012). Habitat reconstructions in Kromdraai A, Swart-
krans Member 1 and Sterkfontein Member 5 indicate
quite open environments compared to the earlier Member
4 of Sterkfontein reconstructed as a more dense woodland
(Vrba 1975; Reed 1997; Bamford 1999). There was turn-
over of the monkey fauna during this shift (Elton 2007),
with Papio dispersing northwards from its southern Afri-
can region of origin (Newman et al. 2004; Williams et al.
2012; Zinner et al. 2013). Further work is needed to explore
whether an increased reliance on fallback foods was a
factor in Papio’s extensive dispersal. From this perspective,
U.W. 88-886 may have relied on USO as a fallback food,
which is compatible with the Malapa’s paleoenviron-
mental reconstruction (e.g. grassland) between ~1.977
and 2.36 Ma (Kuhn et al. 2011).
The study of the topographical variations of the dentine
shows that in U.W. 88-886, the thickest areas are located at
the most superior mesiobuccal aspect, a pattern that fits to
some extent the conditions found for extant Cercocebus
and Theropithecus. Such similarities may be explained
either by a durophagous diet all year round in U.W. 88-886
as in Cercocebus mangabeys (McGraw et al. 2014), or a
seasonal consumption of USO as in geladas (Fashing et al.
2014). However, the USO consumption hypothesis would
be more compatible with the previous discussion on a
potential convergent adaptation to the consumption of
USO in geladas and Papio taxa. Unfortunately, why this
thickening of the distobuccal root is absent in extant
Lophocebus and Papio specimens, remains unexplained.
Other craniodental traits such as the presence or
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Figure 5. A, virtual reconstruction of U.W. 88-886 with sulcal and meningeal impressions in lateral right and B, inferior views. S: sulcus, V: vessel. Scale
bars equal: 2 cm.
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Figure 6. Sulcal impressions in U.W. 88-886 and in some Plio-Pleistocene papionin specimens in lateral (lat) right (r) and inferior (inf) views (amt =
anterior middle temporal sulcus, asc = anterior subcentral sulcus, cmt = central middle temporal sulcus, ibarc = inferior branch of the arcuate sulcus,
oct = occipito-temporal sulcus, pmt = posterior middle temporal sulcus and s = Sylvian fissure). Only sulci mentioned in the text are labelled.
Question marks indicate uncertain sulcal identification. 1: vessel similar to V1 in U.W. 88-886, 2: vessel similar to V2 in U.W. 88-886. Scale bars equal:
2 cm.
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Figure 7. Sulcal impressions in some selected extant papionin specimens in lateral (lat) right (r) and inferior (inf) views (amt = anterior middle tempo-
ral sulcus, asc = anterior subcentral sulcus, cmt = central middle temporal sulcus, ibarc = inferior branch of the arcuate sulcus, oct =
occipito-temporal sulcus, pmt = posterior middle temporal sulcus and s = Sylvian fissure). Only sulci mentioned in the text are labelled. Question
marks indicate uncertain sulcal identification. V1: vessel similar to V1 in U.W. 88-886, V2: vessel similar to V2 in U.W. 88-886. Scale bars equal: 2 cm.
absence of specific endocranial sulci have been demon-
strated to provide critical information for discussing the
evolutionary history of primate lineages (Connolly 1950;
Falk 1978, 1981; Beaudet et al. 2016c). In this study, within
the limits of our sample, we report high intra- and
inter-specific variation in the presence of the anterior
subcentral sulcus and the posterior middle temporal
sulcus among papionin taxa, notably in Macaca. In con-
trast, we systematically identified the occipito-temporal
sulcus (lateral) in all Cercocebus, Lophocebus, Mandrillus,
Papio and Theropithecus specimens considered here. How-
ever, this sulcus was absent in the Macaca and Parapapio
endocasts. Accordingly, we can hypothesize that this fea-
ture may have been present in the last common ancestor
of Cercocebus, Lophocebus, Mandrillus, Papio and Thero-
pithecus and, should have emerged at about 6.67 Ma
(5.37–8.07 Ma, Perelman et al. 2011). Furthermore, the
absence of this sulcus in Parapapio – that is present in
crown African papionins – may also support a reconsider-
ation of its position as ancestral to Papio which was chal-
lenged by recent reconstructions of African papionin
phylogenetic relationships (Gilbert 2013; Gilbert et al.
2018; Pugh & Gilbert 2018). In this context, in order to test
our hypothesis, it may be interesting to explore the sulcal
pattern variation in specimens from the oldest South Afri-
can stratigraphic layers such as the Papio izodi and Para-
papio specimens from Sterkfontein Member 2 (see Heaton
2006) as well as prospective Parapapio cranial specimens
from the 4–4.5 Ma site of Bolt’s Farm (to date BF 43 is the
only complete cranium, see Gommery et al. 2016).
In Cercocebus, Lophocebus, Mandrillus, Papio and Thero-
pithecus, the occipito-temporal sulcus is identified on the
lateral aspect of the temporal lobe. This configuration has
been previously suggested to be specific to the cercopithe-
cines (Falk 1978). However, in our study, the occipito-tem-
poral sulcus (lateral) was absent in Macaca and Parapapio,
which may indicate that this feature is potentially more
variable in papionins than previously thought. Since
Macaca is widely acknowledged as representing the
ancestral papionin morphotype (Delson 1975), another
explanation would be that the absence of a lateral
occipito-temporal sulcus corresponds to the ancestral
condition. Parapapio would have retained this trait. This
hypothesis would be in agreement with the previous
findings that Macaca and Parapapio resemble one another
in several ways (Szalay & Delson 1979; Beaudet et al.
2016b). Interestingly, the lateral positon of the occipito-
temporal sulcus has been hypothesized to be the conse-
quence of the caudo-lateral elongation of the inferior tem-
poral gyrus which implies changes in visual capacities
(Falk 1978). The development of visual capacities may
have occurred after 5.37 Ma and be correlated with varia-
tion in the environment and food resources during the
Plio-Pleistocene period (de Menocal 2004). Nonetheless,
variation in the sulcal pattern of extinct and extant
papionin endocasts needs to be further explored and cou-
pled with the investigation of additional functional traits
(e.g. cerebral asymmetries, Bouchet et al. 2017). Moreover,
the application of functional imaging on such features
would permit to test a potential relationship between
endocranial variation and changes in the ecology of fossil
primates. In a broader framework, it would be necessary
to apply these analyses to a larger sample size.
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